Food waste; municipal solid waste; meta-analysis; quantification; waste characterization 11 12 Food waste has major consequences for social, nutritional, economic, and environmental issues, 13 and yet the amount of food waste disposed in the U.S. has not been accurately quantified. We 14 introduce the transparent and repeatable methods of meta-analysis and systematic reviewing to 15 determine how much food is discarded in the U.S., and to determine if specific factors drive 16 2 increased disposal. The aggregate proportion of food waste in U.S. municipal solid waste from 17 1995 to 2013 was found to be 0.147 (95% CI 0.137-0.157) of total waste, which is lower than that 18 estimated by USEPA for the same period (0.176). The proportion of food waste increased 19 significantly with time, with the western U.S. region having consistently and significantly higher 20
Introduction 26
Food waste has been identified as a significant social, nutritional, economic, and environmental 27 problem and interest in preventing food waste and diverting it from disposal has grown rapidly in 28 the U.S. and abroad, as reflected in federal and state policies.
1 2 Multiple states and cities in the 29 U.S. have recently enacted legislation banning the disposal of food waste in landfills to encourage 30 waste prevention and treatment through alternative technologies, such as anaerobic digestion and 31 composting. However, currently large quantities of food waste, which is biodegradable and some 32 of which is edible, is still commingled with regular trash and disposed of in landfills or incinerators. 33
It has been estimated that one quarter of the produced food supply is lost within the food supply 34 chain; the production of this lost and wasted food globally has been estimated to account for 24% 35 of total freshwater resources used in food production, 23% of global cropland, and 23% of global 36 fertilizer use. 3 As the global population continues to quickly grow, urbanize, and become 37
wealthier, leading to a diversification of dietary patterns and an increase in demand for land, 38 resources, and greenhouse gas intensive foods, it will be essential that changes be made to food 39 7 Waste characterization data from state, county, and regional studies were found using the Google 131 search engine. Primary search terms were 'waste sort', 'waste characterization study' and 'waste 132 composition study'. The search also targeted websites listing waste characterization studies.
31 133
After an initial selection using search terms and study titles, the methodology and results sections 134
were carefully reviewed to determine if studies met inclusion criteria. 135
Selection criteria for inclusion were developed prior to choosing or discarding studies. All 136 studies not meeting all selection criteria were excluded and the reason for exclusion was noted (see 137 Supporting Information). Inclusion criteria were: (1) followed general principles and methods 138 outlined by ASTM for waste characterization studies; (2) contained compositional data for food 139 waste based on weight and enabled percentage (by wet weight) of food waste to be determined; 140 (3) performed at a municipal scale (e.g., city, county, state); (4) performed post-recovery of 141 recyclables; (5) involved sampling at the disposal (or transfer) site rather than at the generation 142 point; (6) examined only MSW (residential, institutional, and commercial waste); (7) involved 143 primarily manual sorting of samples (not visual); (8) provided confidence intervals and sample 144 sizes; (9) used a standard, comparable definition of food waste; (10) conducted in the U.S; and 145 (11) conducted between 1989 and 2013, thus capturing a 25-year span. 146
An important selection criterion was that studies focused only on MSW. Some food waste and 147 loss are not included as MSW food waste (Figure 1 weight, and the proportion of food waste as determined from sampling and its 95% confidence 163 interval. Data on waste shed disposal quantities were recorded as reported in each individual study. 164
These tonnages allow for the determination of the total food waste disposed annually in the waste 165 shed and for the calculation of pounds of food waste disposed per person per day. 166
Food waste disposal tonnages and daily disposal rates were determined for each sample (see 167 Supporting Information). The effect size calculated for each study was a function of the proportion 168 of food waste in the total waste. The approximation method was used with a variance stabilizing 169 transformation (arcsine transformation); this transformation is a standard means to minimize 170 potential bias associated with the approximation method (equations are provided in the Supporting 171 Information). 33 The aggregate (pooled) mean effect size across studies was determined by 172 weighting each individual effect size by a term that represents its precision, the inverse variance 173 weight. 29 Variance stabilizing transformations yielded summary proportions that were back-174 transformed to the raw proportion scale using the inverse transformation.
9
In addition to using the proportion as an effect size, the per capita food waste disposal rate was 176 aggregated for the sample group of studies surveying all MSW, where possible. This rate 177 represents all food waste disposed in the MSW stream from residential, institutional, and 178 commercial sectors, consistent with the USEPA's estimates of per capita wastes. Per capita rates 179 allow comparisons to be made across waste sheds and to rates estimated by USEPA. The sample 180 mean, which was based on a large sample size, was assumed to be approximately normally 181 distributed and sample size was used as a proxy for variance. This was based on the assumption 182 that sampling variances were equal, which is probably not valid because variances are almost never 183 equal across studies. Therefore the meta-analysis outcomes could be biased to an unknown 184 extent. 28 However, the statistical technique was used as a tool to assess if disposal rates showed 185 similar trends across time and region as proportions, and focus was placed on confidence intervals, 186 rather than point estimates. 187
A continuous random effects model was used to determine aggregate mean effect sizes. An 188 assessment of overall heterogeneity (variation in study outcomes between studies) was then 189 performed using Cochran's Q, calculated as the weighted sum of squared differences between 190 individual study effects and the pooled effect across studies, with the weights being those used in 191 the pooling method. 34 When a significant level of overall heterogeneity was found, a linear meta-192 regression was performed using a mixed effects model to determine if specific moderators 193 explained any of the heterogeneity. Mixed effects models are random models which allow for the 194 inclusion of moderators to determine if the moderators account for heterogeneity in the effects. calculated from these data. The USEPA explicitly states that its waste assessments describe wastes 210 from residences, businesses, and institutions, and the accounting does not include hazardous 211 wastes, dedicated construction and demolition debris, sewage sludge, and industrial wastes.
14 This 212 is consistent with the waste streams analyzed by the waste characterization studies included here 213 for the total MSW and per capita groups so it is possible to compare the aggregate findings from 214 the waste characterization studies to USEPA estimates. 215
Results and Discussion 216
We found and assessed 107 waste characterization studies; 45 of these were eliminated because 217 they did not meet the pre-defined selection criteria. Sixty-two waste characterization studies were 218 included in the meta-analyses, representing over 20,000 samples of sorted refuse (waste remaining 219 after recycling and composting), with a total sample weight of more than four million pounds (1.8 220 million kg) (see Supporting Information). Food waste was found to make up a considerable 221 A meta-analysis of total MSW disposal rates was performed to better understand waste system 238 dynamics. The aggregate mean total MSW disposal rate from 1995 to 2013 was 4.249 pounds 239 (1.927 kg) of MSW disposed per person per day (95% CI 3.938-4.561). This equates to over 245.4 240 million tons (222.6 million tonnes) of MSW disposed in landfills or incinerators each year in the 241 U.S. There was a decrease in MSW disposal rate with time, but this was not significant. Region, 242 however, was significant, with the west having higher rates of MSW disposal (β=0.857, z=2.424, 243 p<0.05).
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The aggregate proportion of food waste disposed in the U.S. from 1995 to 2013 as determined 245 from waste characterization studies (0.147) was four-fifths of that estimated by USEPA for the 246 same period (0.176) ( Table 2) estimates for food waste disposal proportion was within the 95 percent confidence bounds for the 256 meta-analysis estimates. USEPA estimates for the per capita food waste disposal rate was within 257 the 95 percent confidence bounds for eight out of 13 years. However, the overall USEPA average 258 for 1995 to 2013 for both proportion and rate was not within the bounds for the aggregate mean as 259 determined from the meta-analysis (Table 2) . 260
Per capita food waste disposal rates increased with time and total MSW disposal rate decreased 261 with time (albeit neither trend was statistically significant). The increase in food waste proportion 262 is partially related to waste reduction in other components of MSW, which is supported by the 263 downward trend of overall MSW disposal rates. The proportion of food waste is consequently 264 higher relative to these other waste components, even if the amount of food waste disposed remains 265 constant or only slightly increases. Waste reduction of other materials may be due to consumer 266 purchasing choices, material light weighting, increased product durability, and waste avoidance. Over the past 25 years there has been an increase in policies aimed at diverting materials away 268 from disposal, including yard waste disposal bans, bottle bills, more aggressive curbside recycling 269 program, and volume based waste pricing systems. 37 Increases in food waste proportions with time 270 may also be partially related to more food being disposed, possibly resulting from more food being 271 allowed to spoil, increases in over stocking and over preparation of food, 39 confusion over food 272 labels such as "sell by" dates, 40 misconceptions regarding food safety and desirability 41 , or changes 273 in household shopping practices, particuarly the size of the grocery store and the frequency of 274 shopping. 42 An extension of the meta-analysis to analyze other materials would provide insight 275 into specific system dynamics, including significant increases or decreases in other materials 276 which may be influencing the food waste proportion. 277
Higher proportions of disposed food waste in the western compared to the eastern and central 278 U.S. was observed for all sample groups; the effect was significant for the sector group (separate 279 samples from residential and institution/commercial sectors). The higher proportion of disposed 280 food waste in the western U.S. may be partially due to superior separation of other materials out 281 of the waste stream in this region, such as removal of traditional recyclables. Robust recycling 282 programs would lead to a large proportion of food waste being left behind in the disposed waste 283 stream relative to the other materials in MSW. However, the per capita disposal rate of food waste 284 was also significantly higher in the west than in east and central regions. It is unclear why the 285 western U.S. had higher food waste proportions and rates; future work should focus on examining 286 differentiating factors between the west and the other regions to determine which factors contribute 287 to increased food waste disposal. 288
The proportion of food waste disposed from residential sectors did not differ significantly from 289 that disposed by commercial/institutional sectors (residential: 0.182; commercial/institutional: 290 14 0.178). These proportions were higher than the overall aggregate (0.147) possibly because some 291 of these sector samples excluded wastes dropped off at management sites directly by generators 292 (self-haul waste). Self-haul waste has been found to contain lower food waste proportions than 293 wastes collected from generation points by waste collectors. 42 Since MSW disposal tonnages from 294 residential versus commercial/institutional sectors are thought to be between a 60:40 21 and a 50:50 295 proportion, 43 considerable food waste tonnages are disposed by both sectors. This suggests that it 296 may be equally beneficial to target both sectors with food waste recovery or prevention policies. 297
However, there are specific industries (e.g., restaurants, supermarkets) that dispose of food waste 298 at much higher proportions than the overall aggregate for all commercial and institutional 299 establishments. Targeting large scale generators, such as the approach taken in 2014 by the state 300 of Massachusetts, may be the easiest way to initiate a food waste management policy. 301
There were no significant differences between the proportion of food waste disposed in urban 302 versus rural areas (urban: 0.155; rural: 0.152). This finding was somewhat surprising, as 303 urbanization is generally thought to lead to increased food waste generation. 6 22 It may be possible 304 that it is not urbanization on its own which affects food waste generation; rather urbanization 305 commingled with other linked factors, such as economic development, globalization, and 306 industrialization may together lead to increased wastage 10 . Iacovidou et al. 45 point out that 307 economic condition is a critical factor when assessing food waste generation rates; it acts as an 308
indicator of a country's wellbeing and food waste disposal weight has been shown to increase from 309 low to high income countries. Therefore, it is possible that the strong differences between food 310 waste generation in urban and rural populations may be reduced if overall standards of living are 311 high within a country, as in the U.S. 312 15 In summary, this was the first study to formally collate and statistically analyze waste 313 characterization studies in a transparent, repeatable, and systematic way using the powerful 314 statistical and conceptual tools of systematic review and meta-analysis. The approach serves as a 315 strong alternative to the ambiguous methods used to date to estimate food waste and it may be 316 extended to quantify other materials. The methods used here are systematic, allow for repeatability, 317 help eliminate biases regarding study inclusion, and enable clarity with regard to how estimates 318 are determined. The approach is unique in that it focused on food waste disposed in the MSW 319 stream which makes the findings important for waste management, particularly for planning and 320 policy making. Furthermore, this approach represented a bottom-up approach which integrated 321 smaller scale, real-world sampling studies, as opposed to top-down, large scale, modeling 322 approaches that tend to over-simplify and are rarely validated. It is both essential and urgent that 323 USEPA adopt a similar scientifically transparent and defensible approach to organic waste 324 estimations. 325
Study limitations 326
Waste characterization studies rely on sampling because it is neither practically feasible nor 327 desirable to perform waste sorts on all disposed waste. Sampling may lead to random sampling 328 error and the waste sorting procedure itself may introduce further error. During waste sorting, 329 food waste components are generally separated out of their packaging but there are some items 330 which make separation difficult (e.g., mustard packets, sealed cans). The classification of items 331 which cannot be easily separated from their packaging to the category which proportion by mass 332 prevails is recommended by the ASTM standard 24 , but discrepancies may occur when packaging 333 which could have been easily separated is included in the food category or packaging whose 334 proportion is higher than the food inside is counted in the food category. No estimates are 335 available regarding the dimension of included food packaging within food waste categories from 336 waste characterization studies. Error also may occur through screening. ASTM recommends that 337 sorting be continued until the maximum size of remaining waste particles is approximately 12.7 338 mm. 24 At this point, apportioning of the remaining particles into corresponding waste 339 components represented in the remaining waste mixture should be done based on a visual 340 estimate of the mass of the fraction of waste components remaining. This may lead to 341 underestimations of food in the sample, but the exact scale of this error is difficult to quantify. increasing. Furthermore, as more food waste prevention and recovery policies are initiated in the 376 U.S., it will be possible to use the meta-analysis methodology to assess the effectiveness of these 377 programs and to determine the differences between regions with food waste collections in place 378 versus those without. 379
The study findings indicate that it is necessary to critically evaluate the impacts of food waste 380 prevention and alternative treatments for food waste to determine if they can offer environmental, 381 economic, and social benefits. The considerable proportion of food waste in the disposed waste 382 stream and the substantial tonnages that are annually disposed suggest that food waste prevention 383
and diversion away from disposal should be a key priority of sustainable waste systems. If the 384 objective of waste systems is to minimize the amount of materials being disposed in order to 385 ultimately reduce environmental harm and achieve maximal benefit, then a focus on food waste 386 should be a key component of this strategy. Quantifying wasted food will help bring national 387 attention to the issue, which can greatly advance campaigns to minimize and divert it. 
